The transport of Brownian particles moving along a three-dimensional fluctuating tube is investigated in the presence of a load. The tube wall can fluctuate between two states. Coarsening the description of a process for the sake of simplifying the dynamic will result in an entropic barrier and an effective diffusion coefficient. It is found that we can control the asymmetric parameter and the load force to control the current direction and there is an optimized transition rate at which the current takes a maximum value.
Introduction
From physical, biological to social systems, directional transport is very important. Over the last decades, people have extensively studied transport in nonequilibrium periodic systems, trying to extract useful work from unbiased nonequilibrium fluctuations [1] [2] [3] and obtaining an explanation of the operational mechanisms of some complicated systems like nanoscale friction [4] , coupled Josephson junctions [5] , optical ratchets [6, 7] , surface smoothening [8] , molecular motors [9] , mass separation and trapping schemes at microscale [10] [11] [12] [13] . They have proposed several models, such as rocking ratchets [14] , flashing ratchets [15] , diffusion ratchets [16] and correlation ratchets [17] to explain the transport mechanism in nonequilibrium situa-tions. In these systems, the current is induced by random nonequilibrium noise without any net macroscopic forces and potential gradients [14] and in all those studies the potential is asymmetric in space. It is found that current appears when there is some external random force regardless if the force is asymmetric or spatially-dependent. The second law of thermodynamics requires this: structural features alone, no matter how cleverly designed, cannot bias Brownian motion. In these systems of the noise, inducing unidirectional motion, studies on transport of Brownian particles and load force of Brownian motors have focused on energy barriers and ignored the boundary of the systems. The nature of the barrier depends on which thermodynamic potential varies when particles pass from one well to the other, and their presence plays an important role in the dynamics of the solid state physics system. Some other systems, such as soft condensed matter systems, biology systems and transportation in three-dimensional tubes systems are not in equi-librium and the boundary is important [18] ; the energy barrier approximation would not be applicable because of the appearence of entropic barriers. Entropic barriers and the effective diffusion coefficient appear when the description of a process for the sake of simplifying the dynamics is coarsened. The mesoscopic nonequilibrium thermodynamics theory was used to derive the general kinetic equation of the motor system by Reguera and his co-workers [19] . It is well known that the net particle current can happen without any net macroscopic forces, like muscle contraction and some other phenomena of directional transportation of the model of Brownian particles moving along periodic structures in the apparent absence of any external driving forces [20] [21] [22] . In the paper [23] , to study the net current in a periodic tube without any external force, some researchers have designed a Brownian motor moving in a three-dimensional fluctuating periodic tube which can fluctuate between two states and the WPE algorithm [24] was used to solve the problems. It is found that the tube wall fluctuation can induce a net current without any external force, and the parameter of the tube shape can reverse the direction of the net current. In the present work, much attention has been paid to the particle current in a three-dimensional fluctuating tube with an unbiased force. This study focuses on the influence on the velocity of the Brownian motor from the fluctuation transition rate, the asymmetry parameter of the tube shape and the load force. By using the WPE algorithm [24] , we find that the load force can change the reversing critical value of the tube shape parameter for current, reverse the current direction and change the current value.
Transportation in a periodic fluctuating tube with a load
In some cases, environment can cause the elastic wall fluctuation. As we know external nonequilibrium fluctuations or chemical reaction far from equilibrium like adenosine triphosphate hydrolysis cause the wall fluctuation. We consider that a Brownian particle moves along the axis of the three-dimensional fluctuating tube. To be brief, we choose a model such that the tube wall can fluctuate between two states: one is an asymmetric tube, the other is a straight tube and we take the radius of the asymmetric tube as ω( ). The radius of the asymmetric tube is ω 1 ( )
is the parameter which controls the slope of the tube and ∆ is the parameter of the tube shape. The equation above shows that
The bottleneck radius is and
where is a positive real finite number and we take the radius of the straight tube as ω 2 , Assuming an equilibrium condition in the orthogonal directions, the Fick-Jacobs equation [19, [25] [26] [27] is derived from the proper coordinate ( and coordinates) reduction procedure of three-dimensional Smoluchowski equation. In the reduction process, the effective coefficient and an entropic barrier appear. We use the Fick-Jacobs equation [19, [25] [26] [27] ] to describe a Brownian particle moving along the axis of a three-dimensional tube. Considering the effective diffusion, the entropic barrier and the load, the equation of a Brownian particle moving along the axis of a three-dimensional tube in one state is [19, 25] 
In the equation above, the effective diffusion coefficient is [19, 25] 
where ω( ) is the radius of the tube,
Considering the Equation (1) and (2), we can compute D( ). The prime represents the differential quotient with respect to the coordinates variable . And we can get that the diffusion coefficient is state-dependent from Equation (4). φ is free energy which is defined in the equation
the absolute temperature, B is the Boltzmann constant, E = F is the energy, F is the load, S = B ln ( ) is the entropy, ( ) is the dimensionless transverse cross-section
of the tube in three dimensions. L is the periodicity of the tube. ( ) is the probability density for the particle at position and time . ( ) is the probability current density. The Fick-Jacobs equation is questionable when T −→ 0. But it is not necessary to worry about the Fick-Jacobs equation at very low T because our study only focuses on medium temperatures, so the method is still valid. We can treat the motion of a Brownian particle discussed above as a one-dimensional overdamped Brownian dynamic in an effective potential φ( ) with a state-dependent diffusion coefficient D( ), and its Langevin equation is:
η( ) = B T D( ) and ξ( ) is the Gaussian white noise, ξ(
is the multiplicative noise dependent on the temperature [28] .
In the elastic tube model, the equation of motion for a Brownian particle is
represents the state 1 or 2. The probability densities ( ) ( = 1 2) of state 1 and 2 satisfies the two coupled equations [29] 
if the probability distribution achieves the steady state, the total flux in the spatial dimension is:
We can easily get the average velocity: V = LJ.
Numerical results and discussions
We use the WPE algorithm [24] to solve Eqs. (7)- (10) . In the algorithm, a continuous Markov process discretized as a jump process and the jump rates are derived from kinds of local solutions of the continuous system. Figures 2 to  5 show the numerical results of a current appearance in a periodic fluctuating tube with a load. It is pointed out that instantaneous wall fluctuation is a necessary condition to ensure that the equilibration assumption's validity in orthogonal tube directions. The state transition time has to be longer than the diffusion time in the tube, that is Figure 2 shows the average velocity V as a function of the asymmetric parameter ∆ of the tube shape for different load forces F . Each curve shows that the average particle velocity decreases with increasing parameter of the tube shape ∆ when the current is positive, while it increases with ∆ increasing when the current is negative. It has a critical value at which the current reverses its direction. The critical value of ∆ decreases as F increases. ∆ has to satisfy the condition
because the radius of the bottleneck of the tube has to be a positive real number. The current decreases when the load increases before the direction reverses, while it increases when the load increases when the current changes its direction. It means the current value and direction can be controlled by the asymmetric parameter of the tube ∆. Figure 3 shows the velocity V as the function of the parameter µ (µ = 21 / 12 ). There is an optimized µ for Brownian motor with a load when the current is positive, and when the parameter µ is very large, the current becomes zero. Specifically, when µ is large enough - 21 is very large or 12 is very small, the attraction by state 1 becomes very small so that the particle only diffuses at state 2 (the straight tube), and the current becomes zero. While when µ is very small, 21 is very small and 12 is very large, the particle only diffuses at state 1. Then Brownian motors move in an asymmetric tube in the presence of load [30] . The most effective factors are diffusion and load. The current decreases when the load increases before the current direction reverses, and its value increases when the load increases when the current is negative. Figure 4 shows the velocity V as a function of transition rate , where = 12 = 21 . The current has a maximum value at an optimized . When is large enough, the current keeps steady with the transition rate increasing. Because when is large enough, the tube will become the average of two states. The current value decreases as the load increases when the current is positive, but it increases when the load increases after the current direction reverses. It is found that the tube can not create net current by itself. It is the transitions between the two tube states that makes current. Therefore there exists a optimized value of at which the current takes its maximal value. Figure 5 shows the velocity V as a function of the load F for different temperatures T . The velocity has a linear relation with F , its value decreases with F increasing before the current direction reverses. But after that, the current becomes negative, and the value of the current increases with F increasing. This means the direction of the current can be controlled by changing the load value. Different temperatures lead to different critical values of F . From the figure, we can see that
All the different temperatures start with the same current value, with different slopes. From Fig. 5 , it can be concluded that we can control the current direction and the current value by controlling the temperature and the load force.
Concluding remarks
In this paper, the transportation velocity of a loaded Brownian particle moving along the axis of a 3D periodic tube in the presence of a fluctuating wall has been studied and it was found that an entropic barrier and an effective diffusion coefficient would come out when coordinates are decreased. The problem was solved by using the WPE algorithm [24] . In our study, we find that the current first decreases to zero and then increases in the opposite direction as the asymmetric parameter ∆ increases. We also find that the relation between the current and parameter µ is that µ is optimized when the current is positive, and when µ is large enough, no current exists. The relation between the current and the transition rate is that when it has an optimized the current takes the maximum value, and when is very large enough, the current stays the same value, although the transition parameter increases. From all the discussion above, it is obvious that the current decreases when the load force increases, before the current reverses its direction, but after that the current increases with the load force increasing in the oppositive direction. When the load is large enough, the system is destroyed. Different temperature brings a different critical F for the reverse current direction.
